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Abstract
The CubeSail is a nano-Solar Sail based on the 3U CubeSat standard currently being built at the
Surrey Space Centre. The CubeSail mission aims to demonstrate the concept of solar sailing and at its
end-of-life use the sail membrane for de-orbiting. One of the main challenges in the design of any Solar
Sail is the deployment mechanism. This paper proposes a deployment mechanism for the CubeSail.
This mechanism consists of four booms and four quadrant sail membranes. The proposed booms are
made from tape-spring blades and will deploy a 5m × 5m sail membrane. The paper investigates
four possible folding patters and proposes a Creasing Indicator to quantify the eﬀects of folding on
sail membrane eﬃciency. The testing of a 1.7-m engineering model of the deployment mechanism is
discussed with data on angular rates experienced during deployment presented.
Keywords: CubeSail , Solar Sail, Deployment, Folding, Membrane, Creasing Indicator, De-orbiting
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Introduction

the CubeSat structure and will attempt to be the
first to launch, deploy, control and de-orbit a Solar
Sail.
There are two main challenges facing the construction of a Solar Sail. First is the deployment
of a large structure in space and second, the attitude control of a spacecraft with very large moments of inertia.This paper focuses on the former.
The deployment subsystem usually has a high risk
of failure due to its numerous moving components.
In the next section, an introduction is given to
the CubeSail mission and it’s objectives are discussed. The paper will then move on to cover the
CubeSail deployment mechanism, in section 3, consisting of tape-spring based booms. Four membrane folding patterns are then discussed in section
4 and a comparison between them is provided.
In section 5 the Creasing Indicator (CI) is proposed. This indicator attempts to quantify and
bridge the gap on the eﬀects of folding on sail membrane eﬃciency. CI of all four patterns are calculated and discussed. Section 6 presents a ground
deployment of a 1.7m × 1.7m CubeSail. The deployment takes place on a rotating platform enabling experimental results on angular rates during
deployment to be presented.

Solar Sails are highly reflective spacecrafts that use
the photons from the sun to propel themselves.
Their propellentless and low cost nature gives access to long-duration missions and new range of orbits . Missions such as comet rendezvous, polar orbits about the sun, the study of earth magneto-tail
and station keeping at Lagrange points are often
very diﬃcult to achieve with traditional chemical
propulsion and Solar Sails give considerable promise [7, 9].
The momentum transfer of the photons impacting on a reflective surface implies that Solar Sails
need to have a large reflective area. This is while
a smaller mass is highly beneficial, resulting in a
higher accelerations.
In the past few years there have been a few attempts at launching a Solar Sail, the Planetary
Society in 2005 launched Cosmos-1 and NASA in
2008 launched the NanoSail-D[3]. Both missions
ended prematurely when the launch vehicle failed
to reach orbit. More recently JAXA is hopping to
launch IKAROS [8] within this year. With current
available small satellite technologies and ultralight
membranes, building a Solar Sail has become over
due. That is why we are at the onset of world wide
race to be the first to launch a sailcraft and prove
solar sailing.
2 The CubeSail Mission
At the Surrey Space Centre, Solar Sails have been
researched in the past, and currently a 5m × 5m, The CubeSail is a three axis stabilised nano-Solar
3kg nano-Solar Sail called CubeSail is being de- Sail, that will be inserted into an 800-km sunsigned and constructed. This mission will utilise synchronous orbit. It will demonstrate solar sailing
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Figure 2: Changes in orbital inclination and sun
angle of the CubeSail vs a 3U CubeSat

Figure 1: CubeSail deployment concept - deployed

the normal of the orbital plain, flying on its edge
into the velocity vector. Figure 2 compares the
change in inclination and sun angle of a CubeSat
with no Sail and the CubeSail in an 800-km sunsynchronous orbit. The inclination stays roughly
the same throughout the 360 days of the simulation
for the CubeSat while the CubeSail achieves a 2-deg
change in inclination. As the sail normal is bound
to the normal of the orbit, the sun angle (α) will
be aﬀected by the right ascension of ascending node
(RAAN). The changes seen in the sun angle(α) are
a result of the changes of RAAN with respect to
the position of the sun.

by changing its orbital inclination by 2 deg over
a one year period. The CubeSail utilises a 3-axis
attitude control system based on the change in the
centre of mass verses the centre of pressure together
with magnetic torque rods[6].
In its stowed configuration it occupies a 3 unit
(3U) CubeSat standard structure. Figure 4 shows
how the CubeSail structure is divided into diﬀerent
section. The avionics, sensors and attitude determination system will occupy 1U (100x100x100 mm)
of this structure. The remaining 2U will be used
to house the Solar Sail deployment mechanism. To
hold the 4 quadrants of the sail, four booms made of
tape-spring are utilised. These booms extend from
a 0.4U compartment and simultaneously unfurl the
sail membrane wrapped around a central spindle.
In terms of volume this limited space provides a
challenge for stowage of such a large structure.

2.1
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De-orbiting

At the end of its life time the CubeSail will change
orientation and point its Sail along the velocity vector. The increased cross sectional area will cause
rapid descent. Figure 3(a) shows the life time of
a normal 3U CubeSat to be more than a 100 yrs.
In comparison Figure 3(b) shows when the CubeSail is in de-orbiting mode it will de-orbit in less
than a year. To this eﬀect the CubeSail could be
used as a de-orbiting device and be attached to any
spacecraft [5]. It will be able to eﬀect the ballistic
coeﬃcient of the spacecraft after deployment, causing rapid de-orbiting.

Mission Objectives

The CubeSail’s primary mission objective are as
follows:
− Demonstrate Deployment of a 25m2 Solar Sail
− Demonstrate Solar Sailing over a year.
− Demonstrate a 3-axis active ADCS
− Self de-orbiting.

3
2.2

Mission Orbit

Deployment Mechanism

The deployment mechanism of a Solar Sail is a critical subsystem which usually has a high risk associated with it. The deployment mechanism of the
CubeSail consists of two main section (see Figure4).

The CubeSail will demonstrate solar sailing by
changing the inclination of its orbit. To keep the
eﬀects of drag low the CubeSail will face towards
2
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The first is concerned with boom stowage and decurve down. Some tape measures are claimed to
ployment and the second with membrane stowage
stand horizontally up to 4 meters. This kind of
and deployment.
bending stiﬀness is more than suﬃcient in a very
low gravity environment to extend the sail film and
make it taught while enduring the Solar Radiation
Pressure. But when blades are flipped upside down
(curve up) they quickly buckle under gravity and
bend under the smallest of forces.
To strengthen the blade, two of the blades are attached
to each other front to front. This solves the
1.6U 160mm
Membrane
buckling problem and increases the stiﬀness of the
Stowage
booms, see the boom cross section in Figure 5. The
two blades are also wrapped in Kapton Film. The
0.4U 400mm
Kapton film not only holds the two blades together
Boom Stowage
but also acts as a thermal barrier and stops atomic
oxygen at low earth orbit from reacting with the
blades and degrading them.
Figure 4: CubeSail deployment concept
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Booms

Boom Sizing
#%

The CubeSat structure has a limited bus area of
100mm × 100mm, limiting the length of the booms
that can be wrapped around a given size spindle.
Boom stowed thickness plays an important factor
in the maximum possible boom length. To analyse this, Figure 6 shows the total diameter vs. the
spindle diameter for the diﬀerent thickness booms.
The CubeSail booms are made of tape-spring A 0.32mm thick boom with an 11mm spindle diablades, similar to the ones used in tape measures or meter will result in a total stowed diameter of about
carpenter’s tape (See Figure 5). Due to it’s flexible 80mm. A 0.4mm thickness with a spindle diameter
nature a long blade is able to roll around a spindle of 20mm will result in a total diameter of about
and still roll back out and hold its original shape. 90mm, well within the 100mm limit.
These blades show a very good stiﬀness when held
Figure 6 also shows the absolute maximum thickThe booms have to occupy a small volume during
stowage which is confined to a 100mm × 100mm
base area and leave a reasonable amount of space
for the folded sail. This is on top of the fact that
they have to extend to about 3.6 meters in length.
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Figure 6: Sizing of the 3.7m booms for diﬀerent
spindle thickness

3.3

Boom Summary

Comparing the diﬀerent size booms, indicates that
the stiﬀness and strength of the booms is a function of tape-spring blade width and thickness. The
0.5mm booms because of their thickness and width
have a high mass-loading. The mass of four 3.6m
booms is about 930g (see Table 7), too large for
a CubeSail with a mass limit of 3kg. Thus this
boom size is discarded. Between the 0.32mm and
0.4mm, it is evident that the 0.4mm will have a
higher stiﬀness, even though it has a mass-loading
slightly higher than that of the 0.32mm boom. Using these characteristics the 0.4mm booms are a
good choice for the CubeSail.

ness that will result in a total diameter of 95mm
leaving only 0.25mm clearance on each side. Any
boom above 0.5mm in thickness would have to be
shorter in length to be fitted inside the 100mm ×
100mm area, resulting in a smaller Solar Sail. But
this in not considering the amount of space required
for the deployable solar panels, and the structure.
In comparison the 0.32mm and 0.4mm leave 10mm
and 5mm of clearance respectively on each side for
the structure walls and/or deployable solar panels. Note that the 0.32mm, 0.4mm thick booms
have cross sectional heights of 19mm, and 25mm
respectively.
Alternately one could divide the booms into two
sets and wrap each around a separate spindle mounted on top of each other. This enables longer booms
and the possibility of a larger Sail. But the booms
will ocupy twice the foreseen volume, ultimately reducing the volume available for the sail membrane
stowage. In eﬀect the longer booms will be useless.

4

Membrane Folding

Correctly folding the sail membrane will eﬀect how
the sail deploys and will impact the sail’s eﬃciency.
Important factors to consider are not only the occupied folded volume but also the folded dimensions. Another factor is how easily the membrane
unfolds during deployment and weather there is po3.2.1 Boom mass-loading
tential for tarring. And finally the creases on the
The boom mass loading is a crucial characteristic membrane must be kept to a minimum to have the
in the design of a Solar Sail. The smaller the mass- least amount of impact on sail performance and efloading the larger a solar sail can become with a ficiency.
small mass penalty. In McInnes [7] the Solar Sail
The CubeSail is designed as a four quadrant
characteristic acceleration (a0 ) is a direct function sail with four booms, meaning four triangle shaped
of the sail mass-loading (σ). Table 7 shows the membranes. Here four folding patterns that could
mass-loading of each set of booms and possible be used to fold the sail membrane are presented.
masses for four 3.6m booms. Figure 7 shows the These four patterns will be discussed below, one
boom mass-loading vs. the boom width for the which is a single sheet membrane and the rest are
three diﬀerent boom sizes.
four quadrant, triangular. The patterns are designed to wrap the membrane around a single centThickness mass-loading 4 x 3.6m Boom
ral spindle. The patterns presented here are scal(mm)
(g/m)
total mass (g)
able for larger Solar Sails.
0.32
0.4
0.5

29.60
40.38
64.61

426.24
581.53
930.46

4.1

Table 1: Tape-spring boom mass-loading

Folding Pattern 1

The first folding pattern uses a single fold in the
middle as a guide for other subsequent folds. Fig4

ure 8 shows how the folding takes place. The number of folds along the centre line must be an odd
real number (n), resulting in the end points of the
centre line to be folded in the same direction. This
facilitates connecting the right-angle corners of the
sail to the spindle. When all four quadrants are
folded, they are wrapped around the spindle.
To find out how many folds are required, the
height available to stow the membrane around
the spindle needs to be known. This is between
150 − 160mm of the 3U height. So h in Figure 8
is the maximum stowed height and will determine
the number of folds. Through some geometric calculations we have the following equation:
np1 =
Folding Problem
•

45
arctan √l 1 +1
h

Figure 9: Deployed pattern 1

(1)

can be determined through the maximum spindle
height(h) in Equation 2. Given that the two corners
of the quadrant need to face the same direction
(up/down), an odd value for the number of folds
is favorable.
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Our Folding Pattern!
Hill fold
Valley fold

90
1
Folding Patterns To Try arctan √l +1
np2 =

l

h

•

(2)

2

Folding Pattern 2!
Hill fold
Valley fold

h

Figure 8: Folding pattern 1

l

The advantages with this folding pattern is that
it is easily stowed and is very compact. It will generate a small h but larger stowed thickness around
the spindle per quadrant. It is also diﬃcult to create the fold due to the existence of a central fold
line and the convergence of other fold lines to the
triangle edges.
Another major disadvantage is when the quadrants are deployed, the tension lines that will keep
the sail taught are along the crease lines. Hence
a larger tension will be required to keep the sail
taught. Figure 9 shows how when 4 quadrants of
the sail where deployed with an engineering model
of the CubSail (using the 0.32mm booms), there
where not enough tension to keep the sail taught.

4.2

h

(a)

(b)

Figure 10: Folding pattern 2
There are two advantages in is folding pattern,
first the crease lines are not parallel to the tension
lines and a smaller force is required to tighten the
sail. Second, folding and stowage is much easier
than the previous pattern. But a disadvantage is
the convergence of the crease lines to a single point
at the right-angle corner of the quadrant. These
crease lines weaken the membrane, specially if it is
a point of attachment to the bus, tearing might occur and extra reinforcements are necessary. These
extra reinforcements will thicken the membrane,
adding mass and stowage volume and making the
folding even more diﬃcult.

Folding Pattern 2

In pattern 1, a major issues was caused by the
crease lines being parallel to the tension lines, requiring extra force to tension the sail quadrants.
Pattern 2 tries to resolve this. Here the crease
4.3 Folding Pattern 3
lines begin at the right-angle corner of the triangle
and spread out evenly (see Figure 10). The num- Pattern 3 is an evolves from the two previous patber of folds (n) required to fit around the spindle terns and solves the convergence of the crease line
5

4.4

problem by making the crease lines parallel to each
other. Figure 11 shows the folding pattern in question. The number of crease lines can be calculated
using Equation 3.
np3 = l/h

Another way of stowing a 25m2 Solar Sail is by folding a single sheet of 5m × 5m membrane. This folding technique was first proposed for a Solar Sail in a
technical report by Cambridge Consultants [1]. But
the idea can be searched back to the 1960’s where
Huso [2] in a patent, proposed an early version of
a single sheet folding technique. In this approach
there is no need to divide the sail into 4 quadrants.
A single sheet is folded with a series of hill and valley folds around a central spindle as shown in Figure
13. To calculate the number of folds required for a
given size sail (l) and a given spindle height (h) we
have:

(3)

Folding Patterns To Try
•

Folding Pattern 3!
Hill fold
Valley fold

h

Folding Pattern 4: single membrane folding

l

n=
(a)

(b)

90
arctan √l 1 +1

Folding Patterns To Try

h

(4)

2

Pattern 3: single sheet using folding apparatus!

Figure 11: Folding pattern 3

Hill fold

Advantages of this folding pattern is that there
are no crease line convergence to weaken the sail
membrane and the crease lines are close to perpendicular with respect to the tension lines. Folding is
also fairly straight forward and any size membrane
can easily be folded. A slight problem with this pattern arrises when the folded quadrants are wrapped
around the spindle. As seen in Figure 17 the membrane is quite loose around the spindle. This does
not cause a problem as the membrane is inside the
bus and covered by the bus side panels. Figure 12
shows a deployed version of this Pattern.

Valley fold

l

h

(a)

(b)

Figure 13: Single membrane folding pattern
To fold such a pattern by hand could be possible
in smaller scale sheets but when the size increases,
even a 5m × 5m sheet would cause a considerable
challenge. In 1961 Lanford in a patent proposed
a folding apparatus to fold a circular shaped sheet
similar to Figure 13 [4].
During our investigation a Folding Apparatus designed for a 1.7m × 1.7m square sail membrane
based on Lanford’s original 1961 patent was constructed. The folding apparatus works by creating
tension along points on the edges of the membrane
using strings and weights. The membrane is attached to a spindle at the centre of the apparatus.
When the spindle is turned the tension caused by
the weights, force hill and valley folds along these
tension lines. Figure 14 shows time-lapsed images
of the single sheet membrane being folded.
There are two major advantage to this type of
folding. First is the lack of multiple quadrants, although this can be a disadvantage when one looks
at tightening the sail. A single sheet enables a larger sail area and causes a larger propulsion force.

Figure 12: Deployed pattern 3
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Note that n is an odd real number representing the
number of fold lines, l is the length of the side of the
sail, and in pattern 4, r is the radius of the central
spindle.
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The second is that the membrane will be wrapped
tightly around the spindle because of the tension
from the weights during folding. This folding pattern uses the available stowage volume eﬃciently.
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It is known that creasing reduces the sail’s eﬃciency
and performance. Such a relation is diﬃcult to understand as it encompasses the tightness of the sail
and its reflectivity, in addition to the number of
fold lines. But using the number of folds lines as
a measurement of the eﬀects on sail eﬃciency is
unscientific and calls for a better understanding of
the imapcts of each folding technique. To this effect a creasing indicator (CI) has been developed
to measure the amount of creases on the sail membrane. CI is a measure of the total length of crease
lines on a sail membrane divided by the area of the
membrane.
Total crease length(m)
Membrane area(m2 )

(7b)

(8a)
(8b)

Pattern 4

Proposed Creasing Indicator (CI)

A=

90
i
n+1

(7a)

Pattern 3

(f)

Figure 14: Time Lapse of folding a single 1.7m ×
1.7m sheet of sail membrane
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(6c)

(9a)

(9b)
(9c)

To better understand what the creasing indicator
represents and how it changes, it is plotted against
the number of folds (see Figure 15). Note that the
sail size is fixed to 5m, so as the number of folds
increases the spindle length (h) will decrease. This
plot shows CI is a linear function of the number
of folds, an expected result given the equations for
CI. An interesting fact is the slope each pattern
makes, showing the eﬀect of the number of folds
for a given pattern. As an example, pattern 1’s
CI increases at a much faster pace as the number
of folds increase with respect to the other folding
patterns.
Figure 16 better illustrates how CI changes as
a function of sail size(l). In this plot the spindle
height (h) is set fixed to 0.15m and the optimum

(5)

For each of the patterns the following equations
to calculate their creasing metric (CI) are derived.
7

60

ciency of the sail but also as a tool for optimising
the number of folds(n) and spindle length(l). CI
can also be used to analyse diﬀerent folding patterns and compare them with each other. To date
there have been no relationship between the eﬃciency of the sail and creasing. But CI has attempted to bridge this gap. As CI increases, the
sail’s eﬃciency should decrease. But the amount it
decreases depends on how taught the sail is, which
intern depends on the sail material and size. Finding this relationship mathematically will prove difficult, but experimental analysis could assist in determining the nature of this relationship.
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Figure 15: CI with fixed sail length of 5m
number of folds is calculated for each sail size to fit
h. Here pattern 3 is again at a major lead and has
a very low CI throughout the diﬀerent sail lengths.
What is also interesting is how patterns 1,2 and 4
are much more scattered at small sail sizes for the
given h, while pattern 3 keeps at a steady level.
This is because the optimum number of folds for
small sails to fit around a 0.15m spindle, results in
a CI that is close between the diﬀerent patterns.
But to really understand how a required spindle
length (h) for a sail size (l) eﬀects CI, a temperature plot for each of the patterns is construct. (see
Figure 20). Again the number of folds has been calculated as a function of spindle length(h). In these
plots, pattern 3 has only a maximum CI of 20 while
pattern 2 and 4 are more close to 35 and pattern 1,
the largest, is about 50. Using these plots one can
also find the spindle size and number of folds for a
given sail length (l) for an optimum CI. Looking
closely at the plots shows diagonal shadows that
start at the bottom-left corner and go up to the
top-right. Each of these diﬀerent band of shades
represent a fixed-real number of folds.

5.1

Folding Summary

Folding the sail membrane is important in guaranteeing reliable deployment of the Solar Sail. Four
folding patterns where presented, of which three
where implemented on a 1.7m × 1.7m model. Table
7 shows a trade-oﬀ of the diﬀerent patterns. It also
presents the number of optimum folds required for
a 25m2 sail to fit around a 15 − 16mm long spindle.
From this the thickness of each folded quadrant
is derived, given an indication of the amount of
volume each folding technique could potentially occupy about the spindle.
The best option in terms of ease and eﬃciency
of stowage is the single membrane folding. While
based on our proposed Creasing Indicator, pattern
3 least eﬀects the sail’s performance, trailing by the
single sheet technique. Pattern 3 is the CubeSail’s
choice of folding as it’s crease lines are close to rightanlge with respect to the tension lines, enabling a
taught sail with a minimum force.
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Sail Deployment

18

For ground demonstration and testing proposes, a
smaller scaled sail membrane (1.7m × 1.7m) was
utilised on the CubeSail engineering model.

16
14

A metric

12
10
8

6.1

6
4

Pattern 1
Pattern 2
Pattern 3
Pattern 4

2
0

0

1

2

3

4

5
6
Sail length (m)

7

8

9

10

Figure 16: CI with fixed spindle length (h) (changing n folds)
The creasing indicator (CI) can not only be used
to analyse the eﬀect of folding patterns on the eﬃ8

Test Setup

The deployment mechanism was mounted on a rotating platform constructed to enable the mechanism to rotate freely about its roll axis with as low a
friction as possible. This enables observation of the
change in the roll angle as well as roll rate during
deployment. Underneath the platform was covered
with non-stick baking sheets to provide a smooth
low-friction surface for the booms to glide over.
To take measurements, two devices where used,
a motion capture system and a video camera. The

Control electronics

to keep track of the attitude during this time. This
shows that the booms would need to be deployed
in a controlled manner.
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motion capture system uses multiple infrared cameras to construct a 3D representation of the position
of an object. The cameras emit an IR pulse which is
reflected by small spherical IR-markers and recaptured by the cameras, the position of these markers
are then accurately calculated.
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Results

0.5

Uncontrolled Deployment

Figure 21 shows time-lapsed images and Figure 18
shows the angular position and velocity data from
the motion capture system of an uncontrolled deployment. Observation from the time-lapsed images suggest that, from point (a) through to point
(e) the booms do not contact the ground. At
point (e) the booms have extended to about 1m
with a change in angular position of 75.7deg, They
have started contacting the ground. At this point
the angular position reverses until point (g) when
the booms are fully extended, the angular position
settles down to 72.2deg. Also the deployment speed
is about 0.7s with a peak in angular velocity (ω) of
about 438deg/s.
Several oscillations are seen before and after full
extension at (g). Through careful observations of
the video, it is thought that these are caused by
vibrations in the booms. The booms extend so violently that they vibrate. Even if the booms did
not contact the ground, it is thought that the vibrations would feedback into the bus, this is visible
in the oscillations seen before (g) when the booms
are still airborne.
When deployment porcess is uncontrolled as in
the above case, the instantaneous angular accelerations are too high. The attitude determination
sensors considered for the mission would not be able

6.2.2

& (deg/s2)

6.2

1
Figure
18: Uncontrolled deployment

0
Controlled
Deployment

To control−0.5
the deployment, a motor is added to
the system. This motor drives the booms out of
−1
the mechanism
at a slow
speed. 1 Figure 22
shows
0
0.5
1.5
time-lapsed images and Figure
time (sec)19 shows the angular position and velocity data from the motion capture system of a controlled deployment. By point
(c) most of the changes in angular position has
been completed, 3.8s into deployment and 38.3deg
change in position. Between point (c) and (d) the
change in position remains somewhat constant with
small back and forth motions cause by vibrations
in the boom. After point (d) and up to (f) this
vibration intensifies and causes large momentums
on the system. It is only after point (e) when the
booms contact the ground that these vibrations are
damped. Point (f) is full deployment occurring at
18.3s. The sources of these vibrations are caused
by an opening in the mechanism for the booms to
extend from. In the engineering model this opening
is designed much larger than required to test diﬀerent size booms, hence the boom is free to move and
flex about.
When comparing the two above cases, a longer
deployment time is seen in the controlled system.
Also in the controlled case the angular rate caused
9
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ployment were discussed.
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Figure 20: Creasing indicator (CI) vs. sail size and spindle length

CI

Advantages

1

15.71

easy stowage

2

11.11

3

4

6.8

12.57

easy stowage
crease ⊥ tension line
easy folding
crease ⊥ tension line
no crease line convergence
easy & compact stowage
crease ⊥ tension line
larger sail area

Disadvantages
diﬃcult folding
crease line convergence
crease � tension line
diﬃcult folding
crease line convergence

25m2 , 12µm sail membrane
Total no.
Min spindle Quadrent
folds (per Q)
height
thickness
72 (17+1)

15.62cm

384µm

100 (25)

15.12cm

384µm

loose stowage

132 (33)

15.62cm

384µm

diﬃcult folding
crease line convergence

104 (25+1)

15.12cm

312µm

Table 2: Sail membrane folding comparison
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(a) 0.00 s

(b) 0.17 s

(c) 0.27 s

(d) 0.37 s

(e) 0.47 s

(f) 0.57 s

(g) 0.67 s

(h) 0.77 s

(i) 0.87 s

Figure 21: CubeSail engineering model uncontrolled deployment

(a) 1.2 s

(b) 2.6 s

(c) 3.8 s

(d) 7.3 s

(e) 11.25 s

(f) 18.3 s

Figure 22: CubeSail engineering model controlled deployment
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